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ABSTRACT 

A knowledge of the cutting forces is required to assist engineers to design machine 
tools, jigs and fixtures, as well as to select economic cutting conditions. The forces 
of interest in drilling operations are the thrust force along the axis of rotation and 
the torque. Under dynamic conditions amplitude of relative vibration between the 
tool and the workpiece effects the forces on the tool. Through the use of real-time 
thrust/torque monitoring system, one may use the torque/thrust models as tool failure 
criterion. 

In this study, thrust force and torque monitoring in drilling has been developed. 
This approach has used the relationship between the force signals and amplitude of 
relative vibration between the tool and the workpiece as well as the cutting parame- 
ters. Research work has shown that any change in the cutting condition of the tool, 
such as caused by increased amount of amplitude of vibration, would also appear 
as changes in the signature profile of the cutting force spectrum. So strong correla- 
tion exists between the force characteristic and the amplitude of vibration progress. 
Experiments were conducted to study the effect of the cutting parameters and the 
amplitude of relative vibration on the force signals and to develop a second order 
regression model for force signals. The measured force signals, amplitude of vibration 
and the cutting parameters obtained by drilling C-45 steel with HSS drill bits. 

Additional tests have been conducted to verify the feasibility of the model pro- 
posed. Results showed that the proposed models can be generalized to estimate the 
thrust force and the torque for any set of cutting conditions, hence force monitoring 
can be achieved for the cases where the use of dynamometer is not possible. 



Chapter 1 
Introduction 


1.1 General Introduction 

In-process tool failure posses a serious threat to unmanned manufacturing systems, 
such as flexible machining centers. Developing effective means to monitor and manage 
cutting tools, in order to avoid off-quality products and/or system damage, presents 
a significant problem to manufacturing research. Effective tool management requires 
machinability models that should be as simple as possible yet information regarding 
tool wear and damage should be obtainable easily. Direct experimentation is typically 
the basis for tool life and cutting force model. 

Drilling is a widely used machining process. It represents approximately 40% of all 
metal cutting operations performed in industry. Typically, twist drills are used with 
in a diameter range from 1 to 20 mm. Drill wear and breakage have a direct influence 
on the dynamic characteristics of the drilling process. A worn drill generates vibration 
causing the drill to ’’wander” from it’s true center or resulting in tapered or oversized 
hole. These defects are of particular importance in high-speed precision drilling. The 
machinability models in drilling mainly deal with the following phenomena: 

• Tool life of drills, 

• Thrust force on the drill. 
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• Torque on the drill and, 

• Surface roughness of the drilled hole. 

Several sensing techniques have been used for edge chipping, fracture, wear and poor 
hole quality. These techniques include touch sensors, power, acoustic emission, torque 
and/or thrust force and vision system. Thrust force and torque signals are more sen- 
sitive to changes in the drill conditions. Hence it is useful to consider drill vibrations 
in the monitoring of thrust force and torque. 

1.2 Vibration in metal cutting 

An important practical problem in machining is vibration or ’’chatter”. Chatter has 
three main adverse effects: it may produce inaccuracies on the work surfaces, it may 
increase the rate of wear of the tool; and finally it may cause a high-frequency sound 
which at best is unpleasant and can be physically harmful to near by personnel. 

An obvious point to note is that the vibration will involve relative movement of 
the tool and the workpiece. The work piece can move in almost any direction relative 
to the tool. Thus under vibrating conditions there may be fiuctuations in: 

1. The cutting speed (i.e., Surface speed of the tool relative to the work) 

2. The feed 

3. The inclination of the tool faces with respect to the workpiece surface (i.e., fluc- 
tuations in rake angles, clearance angles and cutting-edge angles are possible). 

From a knowledge of the cutting process under steady-state conditions it is clear that 
any of these fluctuations in the cutting process may give rise to fluctuations in the 
forces on the tool tip. Depending on how these fluctuations are directed and phased 
relative to the vibration motion, they may either damp or excite the vibration. If 
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the cutting force fluctuations are large and are opposing the damping effect they may 
cause the vibration amplitude to grow. 

Taylor in his monumental work on the cutting of metals noted the problems which 
tool vibration may introduce. He suggested that the vibration was due to force vari- 
ations created by periodic shearing action on chip formation. Kuznestov [1] presents 
the view that built-up-edge formation can constitute the periodic effect to excite a 
vibration, irrespective of the natural frequencies of the system. Arnold [2] presented 
the first systematic study of metal cutting vibrations. He has experimentally investi- 
gated the factors which he considered to be of most importance in vibration, i.e., tool 
sharpness, cutting speed, feed and tool overhang. 

Doi and Kato [3] proposed that the self-exited vibration was established due to 
phase lag of the cutting force behind the vibration movement. Due to this lag effect 
some energy is available in each oscillation to maintain the vibration. Tobias and 
Fiswick [4] proposed that dynamic cutting force is a function of feed velocity as well 
as chip thickness. 

From the above discussion of the behavior of cutting process under dynamic con- 
ditions, it is clear that there are a large number of factors which may effect the force 
on the tool. Some instability phenomena appear to be inherent to cutting mechan- 
ics, and may initiate force vibrations. Built-up-edge formation, chip segmentation 
and discontinuous chip formation, depending on the cutting conditions, fall into this 
category. 

1.3 Literature Review 

Although several efforts have been made to monitor thrust force and torque in drilling 
in the past decades, very little has been done to consider the effect of amplitude of rela- 
tive vibration between the tool and the workpiece on the thrust force and torque which 
is also a source of fluctuation apart from cutting speed, feed and diameter of drill. 
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Armarego and Brown [5] presented empirical methods for determining the thrust 
force and torque in drilling considering feed per revolution and drill diameter. Watson 
[6] proposed new definitions to cutting tool geometry and found the deficiencies in 
definitions of some of angles in the ISO and explained how the cutting velocity varies 
in magnitude and direction from a maximum that is essentially tangential at the outer 
radius to a minimum value of the feed velocity that is axial at the center of the drill in 
drilling operation. He derived relations to the tool side rake, tool cutting edge angle 
and side clearance angle in terms of the drill basic parameters. He proved that on 
cutting lip, the greatest change in parameters occurs as a function of radius from the 
center to a point on the lip. He represented a set of relationships interrelating various 
parameters independent of the back rake and back clearance angles. The effects of 
radius and feed on the cutting parameters over the cutting lip and chisel edge have 
also been presented. 

Rubenstein [7] has assumed Watson’s [6] oblique cutting model to derive the ex- 
pressions for the torque and thrust force at the lip, chisel edge and margins. In his 
work relevant values of the chip thickness ratio, the shear stress acting along the shear 
plane and the friction angle on the rake face were obtained from orthogonal cutting 
tests performed at several cutting speeds with a variety of tool rake angles and values 
of these parameters were used to estimate the thrust force and the torque contribu- 
tions originating at drill lips, chisel edge and margins. But computation of the torque 
and the thrust force components based on orthogonal models were proved to be very 
complex. They proposed more tractable, empirical expressions for the torque and 
thrust force as functions of drill geometry and cutting parameters. These expressions 
described the dependence of the torque and the thrust on feed, point angle and pre- 
drilled hole diameter both in absence and in the presence of chisel edge-workpiece 
contact. 

Lin and Ting [8] conducted a series of experiments to study the effects of tool 
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wear as well as other cutting parameters on the cutting force signals and establish 
the relation between the force signals and the tool wear as well as other cutting 
parameters when drilling copper alloy. They conducted experiments by taking four 
variables: spindle rotational speed ranging from 600 to 2400 rev/min, feed rate ranging 
from 60 to 200 mm/min, drill diameter ranging from 5 to 10 mm, and average flank 
wear ranging from 0.1 to 0.9 mm. A statistical analysis provided good correlation 
between the thrust force and the wear. They also conducted verification experiments 
to verify the feasibility of the proposed method. Initially they conducted a study 
to understand the eff’ects of cutting parameters on the cutting force signals. This is 
because not all cutting parameters have significant effects on cutting force signals, and 
only parameters with significant effects on cutting force signals have been included in 
the model of cutting force signals. They selected linear and logarithmic model forms 
from previously published models. They proposed that the linear model form has 
better tool wear monitoring capability than the logarithmic model form. The error 
between the measured and the estimated tool wear was shown to be 0.2 mm. 

Lorenz [9] proposed a relatively short, improved method for drill performance 
testing. Diagonal test plan has been recommended for cutting within a wide range of 
speeds and feeds. The purpose of multi-level experiments was to assess the curvature 
of the drill life response surface in experiments of short duration. It was assumed 
that in the logarithmic system the drill life response surface is represented by the 
linear and quadratic terms of cutting speed and feed and their interactions. But drill 
life is mainly a function of drill wear under practical conditions. He has also shown 
graphically the relation between feed, cutting speed and drill life. The total number 
of holes drilled is considered as a drill life. He concluded that statistically designed 
experiments would assist in obtaining more relevant information. 

Rubenstein [10] conducted experiments with a set of geometrically similar twist 
drills to confirm the previously derived expressions relating the torque and the thrust 



6 


force to feed and drill diameter in drilling operations. He proposed a model based 
on assumption that each twist drill is sufficiently large in relation to the chisel edge 
length for the removal process to be quasi-orthogonal, expressions which have been 
found to give an accurate representation of the dependence of the torque and thrust 
force on drill diameter and feed in spade drilling and may be applied to twist drills. 
He explained the influence of the helix angle on the torque and thrust force generated 
in twist drilling and its influence on the average rake angle at the lip and hence on the 
average shear plane angle. The behavior observed with small diameter drills is shown 
to be consistent with the removal process becoming noticeably oblique. He discussed 
the consequences of geometrical dissimilarity of drill shape. His model is capable of 
explaining both the general as well as the exceptional behavior. 

Connolly and rubenstein [11] proposed an idealization of the lower boundary of 
the primary deformation zone in orthogonal cutting on the basis of the experimentally 
observable processes occurring during chip formation. This boundary is made up of a 
length L extending from the tool tip in the direction of cutting and a length extending 
from the extremity of L (remote from the tool tip) at an angle of 45° until it interacts 
with the free surface of the workpiece(see Fig. 1.1). Using this model and making 
some simple assumptions regarding stresses acting on this boundary, relation between 
the cutting force components and geometry of cutting process is simplified. He proved 
that there is a good correlation between experimental data and these relations. The 
length L is proposed as an inverse measure of ductility of cutting process. L is shown 
to be linearly related to adhesion length, i.e., the length of that part of the tool-chip 
contact region over which the chip adheres to rake face. 

Arssecularatne [12] developed a comprehensive review of techniques used to deter- 
mine tool-chip interface stress distributions. A number of techniques (photo elastic 
method, split tool method and experimental slip line field method) have been used 
to determine the distribution of normal and shear stress on the tool rake face during 



7 



machining. The results obtained from split tool tests indicate uniform distributions 
of shear and normal stresses as the cutting edge is approached which is consistent 
with the results obtained from slip line field analyses of the chip formation process. 
He also proposed the methods used to determine the ploughing force in the drilling. 

Wardany,Gao and Elbestawi [13] presented a study on monitoring tool wear and 
tool failure in drilling using vibration signature analysis techniques. Discriminant 
features, which are sensitive to drill wear and breakage, were developed in both the 
transverse and the thrust directions, was also investigated. A significant feature, 
namely the instantaneous ratio of the absolute mean value (RAMVi) was developed 
in this study and used as a threshold for controlled capture of the vibration signal. 
The ability of the monitoring features to detect drill wear and breakage was verified 
experimentally. The drilling tests were performed using 3 and 6 mm diameter high 
speed steel twist drills and cast iron workpieces. 

Subramanian [14] divided the contact zone between tool and work into three main 
regions; namely, (1) the rake face of the tool(2) the non zero radius of the cutting 
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edge and (3) the flank ” wear land ” which rubs against the work surface. He took 
into account the forces acting on these three regions and derived the expressions 
for torque and thrust force. Jalaji and Kolarik [15] developed four models from an 
extensive machinability experiment. Predictive models were developed for tool life, 
thrust and torque on the drill, and surface roughness of the holes drilled. The research 
consisted of a laboratory experiment involving four variables; cutting speed, feed, drill 
diameter and hardness. The effects of machining variables other than speed and feed 
(i.e, vibration, deflection, and thermal expansion) were ignored in the study. The tool 
variables such as point angle, relief angles and helix angle were nearly constant. 

In the present work effort has been made to study the influence of cutting speed, 
feed, drill diameter and amplitude of relative vibration between the tool and the 
workpiece thrust force and torque in drilling. Firstly a theoretical analysis has been 
presented to study the forces in drilling and then effect of vibration on these force 
signals. From this thrust force and torque are represented by the linear and quadratic 
terms of cutting speed, feed, diameter of drill and amplitude of relative vibration 
between the tool and the workpiece. Experiments have been conducted using planning 
of experiments. A program has been used to find the co-efficients of empirical relation 
and the experimental and empirical results were then compared. 

1.4 Organization of Thesis 

The thesis has been organized in various chapters as follows, 

• Chapter 1 presents the information about the vibrations in cutting and it 
effects. It also deals with the literature review carried out for the present work. 

• Chapter 2 discusses the theoretical model presented to find thrust and torque 
in terms of cutting parameters and effect of vibration on force signals. 
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• InChapter 3 experimental setup and procedure are discussed. Planning of 
experiments and multiple regression analysis have also been elaborated. 

• InChapter 4 the results obtained from experiments are presented. The effect 
of various parameters on the thrust force and torque has also been given in this 
chapter. 

• InChapter 5 conclusions of the thesis work have been drawn and scope of future 
work has been elaborated. 



Chapter 2 

Theoretical Analysis 


2.1 Characteristics of Vibration in Drilling 

Machining vibrations may be considered in four main categories: 

• Free vibration: A free vibration of the system following some impact or shock 
condition. This vibration will decay under the damping action of the machine. 

• A forced vibration from a source other than cutting: This may be 
initiated by unbalance in the machine tool drive or by some external dynamic 
load. In this case the vibration is normally not at a resonant frequency of the 
machine tool workpiece system. 

• A forced vibration initiated in the cutting process: The cutting process 
may have an inherent periodicity which can lead to a forced vibration. An 
obvious example is that of discontinuous chip forrhation. In this case also the 
vibration is usually not at a resonant frequency. 

• Self induced vibration: A phenomenon in which the vibrational movement 
causes the cutting process to initiate and maintain the vibration. It may be 
regarded as negative damping. 
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Figure 2.1; Change in Cutting force for an Undeformed chip thickness decreasing due 
to vibration [16] 

Due to production variations, a drill is typically slightly asymmetric. Accordingly, the 
two corners of the drill point wear gradually, while maximum wear alternates from 
one cutting edge to the other. This altering process is also considered to be a source 
of vibration in drilling. 

Several authors have reviewed the physical phenomena which may influence force- 
displacement phase relationships in cutting. Shaw and Holken [16] explain a force lag 
in terms of fluctuations in the direction of chip approach relative to the tool. Consider 
the undeformed chip thickness to be decreasing due to vibration of the tool relative 
to the workpiece, as shown in Fig. 2.1(a). 

The rake angle and the cutting velocity can be imagined to change to new values: 


ae = a + 6. 

(2.1) 

TV's = A” cos <5 . 

(2.2) 

A new shear angle will be formed as 


0^ = <^ + 

.O-s) 
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Shaw and Holken [16] assume that the resultant force will be approximately constant 
in magnitude. This is justified from the fact that the resultant force is approximately 
constant for small changes in the rake angle under steady-state cutting conditions. 
Thus, to a first approximation, the new shear plane to be inclined at the angle (j) to 
the new direction of the free work surface (see Fig. 2.1(b)). Thus, is.(j) = d, and the 
new value of friction angle 

0=^ + 5 (2.4) 

The length of the new shear plane will be (see Fig. 2.1) 

AC = AB + AB5 tan-i (2.5) 

The shear stress r may be considered constant for small changes 5, Hence the new 
resultant force is 

i?' = {AC)br ^ rb(AH)(l -hdtan-^ 
cos(^ + ^ — a) cos{(f> + P — a) 

The force in .the direction of cut becomes, 

Fp = 0 cos{/3 — a + 5) = R{1 + 5 tan“^ (p) cos(/? — a H- 5) (2.7) 

and Thrust force 


F'q = it sin{j3 — a + 6) = R{1 A S tan ^ p) sin(/5 — a -f- 5) (2.8) 


The situation when the undeformed chip thickness increasing due to vibrations shown 
in Fig. 2.2. From an analysis similar to the above it can be shown that the normal 
and thrust forces in this case are 




jRcos(/3 - Q! -f 5) 

1-1-5 tan(^ — 5) 

(2.9) 

R sm(l3 — a + 5) 

1+5 tan(0 — 5) 

(2.10) 


and 
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Figure 2.2: Change in Cutting force for an Undeformed chip thickness increasing due 
to vibration [16] 



Figure 2.3: Relationship between Thrust force (Fq) and the undeformed thickness t 
as the tool vibrates in the path indicated by arrows 
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Since [1 + Sta,n{(j) — (J)] is greater than 1, a comparison of equations (2.7) with(2.9) 
and (2.8) with (2.10) indicates that the instantaneous forces at any particular depth 
of cut are higher for decreasing 't' (Fig. 2.1) than for increasing 't' (Fig. 2.2). This 
can be represented by a curve as shown in Fig. 2.3. In this figure it can be seen that 
the minimum and maximum for the force [points (2) and (4), respectively] are reached 
after the corresponding undeformed chip depth-of-cut minimum and maximum [(1) 
and (3)]. - Thus the change in the undeformed thickness causes the force signals to 
fluctuate. This model fits the experimental results of Doi and Kato[3]. 

2.2 Torque and Thrust force in Drilling 

It is difficult to conceive of a more complex metal cutting process than one in which 
the cutting edge of the tool is curved, the rake and clearance faces are not planar 
and the tool geometry, obliquity and cutting speed vary along the cutting edge, but 
such is the case of twist drilling. To compound complexity, the lips of the drill are 
connected by the chisel edge while the outermost ends of the lips terminate at the 
margins (where the drill rubs against the sides of the hole) . 

The forces of interest in drilling operations are the thrust force along the axis of 
rotation and the torque. The side forces acting radially at the cutting edge cancel 
each other due to the symmetry of the drill. Ghosh and Mallik [17] consider the effect 
of all the forces acting on the drill (Fig. 2.4) represented by a resisting torque M and 
a thrust force F. The total thrust force, F can be expressed as 


F — 2Ft Sin(p) + Fch. + FfricUon (2.11) 

Where Fch is the force from chisel edge and Ffriction is the friction force. Similarly, 
the total moment M can be written as (Fig. 2.4) 

M = FqZ + Mch + Ff friction ( 2 - 12 ) 
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Figure 2.4: Development of Torque and Thrust during drilling 

Where Mch is the moment due to chisel edge and M faction is the frictional moment. 

Later Rubenstein [7] & [10] presented the concept of the equivalent spade drill in 
order to demonstrate that expressions for the torque and thrust force generated in 
spade drilling are applicable to twist drilling. The torque, M and the thrust force, F 
are each compounded of 3 elements which arise from drill-workpiece contact at the 
lips, at the web and at the margins, i.e., 

M = Mo + M’ + M" (2.13) 

F = Fo + F' +F" ' (2.14) 

Where Mo and Fo originate at the drill lips, M' and F' arise at the chisel edge and 
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M” , F" result from drill-workpiece contact at the margins. 

For hole drilling based on theory of orthogonal cutting [11] 

(/iP„j//sinp) •+ ^5'/(cot(/)„ -k 1) (2.15) 

Fo = - c) [2Pml + Pi/(cot<^„ - 1) sinp] (2.16) 

Expressions for M' and F\ appropriate to removal at the chisel edge, can be derived 
from the above equations and are given by [7] 

M' = + ^Sf{c.Ot{4>n)c + 1)] (2-17) 

F' = l2P^lc + (Pi)cf(cot(<^n)c - 1)1 . (2.18) 

The origin of the torque, M" and the thrust, F" generated at the margins was not 
investigated in depth so far; however, in a very limited investigation it was show that 
both M" and F" are linear functions of the feed. Although the influence of drill 
diameter was not examined, it seems reasonable to infer that M ' will be proportional 


to 'd' so that it can be written 

M" =hd + hdf (2.19) 

F = K 2 d" ^ 2 / (2.20) 

Substitution from equations (2.15) to (2.20) into equations (2.13) and (2.14), as ap- 
propriate, results in the following expressions: [see Appendix A] 

M = {kx+ kj)d + [(E -h Gm'^) + {B + Hm?)f] d" (2.21) 

F = ik 2 + k 2 f) + [( J + Qm) + {U + Vm)f] d (2.22) 


So the torque and the thrust force in drilling depends on the feed and the diameter of 
the drill. But experimental investigation made by Lin and Ting [8] revealed that these 
factors depend on the cutting speed also. The change in undeformed thickness which 
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is due to vibrations causes variations in force signals in cutting. Therefore in the 
present work the amplitude of relative vibration between the tool and the workpiece 
has been considered as a measure of vibration. 

Finally from above discussion it can be concluded that the thrust force and the 
torque in twist drilling can be expressed as a function of the cutting speed, feed, 
diameter of the drill and amplitude of relative vibration between the tool and the 
workpiece. . 



Chapter 3 


Experimental Procedure and 
Set-up 

3.1 Vibration measuring system 

A vibration measuring system used in the present work consists of the following com- 
ponents: 

• Accelerometer 

• Pre-amplifier 

• Amplifier 

3.1.1 Accelerometer: 

The accelerometer is an electromechanical transducer. The transducing element con- 
sists of two piezoelectrical (Lead Zirconium Titanate) discs on which is resting a heavy 
mass (s(‘e Fig. 3.1). The mass is pre loaded by a stiff spring and the whole assembly 
is mounted in a metal housing with a thin base. When the accelerometer is subjected 
to vibration, the mass will exert a variable force on the piezoelectric discs. This force 
is exactly proportional to the acceleration of the mass. Due to the piezoelectric effect 
a variable potential will be developed across the two discs, which is proportional to 
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Piezoelectric 

Discs 



^ Out put 
^ Terminals 


Figure 3.T. Schematic drawing of a piezoelectric accelerometer 


the force and therefore to the acceleration of the mass. This potential has been picked 
up from the output terminals of the accelerometer and used for determination of the 
vibration amplitude. 

A proper mounting of the accelerometer to the specimen is of utmost importance 
when measurements are taken. The accelerometer has been mounted with a perma- 
nent magnet which gives electrical isolation from the vibrating specimen. A closed 
magnetic path has been used and there is virtually no magnetic field at the accelerom- 
eter position. 

3.1.2 P re- amplifier: 

Pre-amplifiers are used for conversion of the rather weak transducer signal into a 
stronger signal which can be handled by the succeeding storage or read-out equipment. 
The vibration pick-up amplifier is designed for use in vibration measuring systems 
and constitutes an important link between the accelerometer and the appropriate 
measuring amplifier. The pre-amplifier mainly consists of two-stage amplifier, a set of 
integrating networks and a built-in shaker table for calibration purposes. By selecting 
various built-in integrating networks, the acceleration dependent signal derived from 
the accelerometer has been converted into a signal which is proportional to the velocity 
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Microphone Amplifier 



or displacement of the object under investigation. 

3.1.3 Microphone Amplifier: 

The Microphone Amplifier is a very versatile measuring instrument which, when used 
in conjunction with suitable transducers, can be employed in a great variety of fields. 
It is primarily designed for acoustical, electro-acoustical and vibration measurements. 
Basically it consists of two independent amplifier sections which may either be con- 
nected in cascade or have a filter system interposed between them. The power supply 
contains the necessary rectifiers and filters for the operation of the amplifiers and 
supplies the power to external condenser microphone or pre-amplifier in use. 

3.1.4 Displacement Measurement 

The accelerometer has been mounted with a permanent magnet on the workpiece. The 
output voltage from the accelerometer is fed to the CONDENSER MICROPHONE 
input socket of the Microphone Amplifier via a pre-amplifier (see Fig. 3.2) The INPUT 
SWITCH of the Microphone Amplifier has been set to position "Condenser Micro- 
phone” and the FREQUENCY RESPONSE SWITCH to position "Linear 2 - 40000” 
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and it has been checked that the indicating meter does not show a higher voltage. If 
necessary, the voltage can be brought below the stated peak voltages by attenuating 
the input voltage to the pre-amplifier with control knob ’’Attenuation”. RMS type 
of detection has been selected by the ’’Meter switch” on indicating apparatus. The 
integration switch on the pre-amplifier has been set to position ’’Displacement”. The 
displacement in cm derived as follows: 

The road value in volts x the value (10, 10"^ or 10“^ cm) indicated by 
integration switch x the value indicated by the switch ’’Attenuation” of 
the pre-amplifier. 

3.2 Measurement of forces in Drilling 

The measurement of the thrust force required to overcome the resistances in the 
direction of feed and the torque required to rotate the drill are essentially involve 
in drilling, reaming, tapping, counter boring, and such similar processes. There is a 
choice of measuring the forces at the drill-spindle end or at the table workpiece end. 
The latter approach is more popular in view of simple and stationary devices involved. 

The available literature [18] reviews the following types of dynamometers for the 
drilling and allied purpose like reaming, tapping, counter boring etc. 

• Measuring the forces at the drill end 

1. Dynamometer based on recurrent pulse technique 
2; Dynamometer for the fine tapping by Sokelovskii 
3. Torqueineter by Dean And Kilburn 

• Measuring the forces at workpiece end/ table end 

1. Tube element dynamometer 

2. Spoked wheel dynamometer 
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3. Two component dynamometer 

Out of above choices spoked wheel dynamometer is selected in the present work be- 
cause any eccentricity present between the drill and the dynamometer axes never 
affects the accuracy of the results. 

3.2.1 Principle of dynamometer 

The w'orking principle of the dynamometer used is shown in Fig.3.3. This consists 
of a spoked wheel (usually four spokes) having a stiff inner hub and an outer rim. 
By rigidly clamping either the inner hub or the outer rim to the machine table and 
applying the drilling torque and thrust to the undamped rim of hub, it is possible to 
deform the spokes in cantilever configuration in the planes of the torque and thrust 
as shown in Fig. 3.4. The strains due to the application of thrust force and torque 
has been measured by applying strain gauges on the points of maximum strain. The 
strain gauges mounted near the fixed ends of the four cantilevers in full-bridge con- 
figuration give the torque and the thrust experienced by the system as shown in Fig. 
3.5(a)&(b). The analysis of the spokes indicates that for best results the sections 
should be identical and identically located with respect to the inner boss and the 
outer rim both in radial and axial directions. Further the fillet radius at the junction 
of the spoke elements to the ring portions should be the same for all the spokes. This 
typo of dynamometer is characterized by higher sensitivity for both torque and thrust 
force, low rigidity and lower natural frequency, but it also has fabricational difficulty, 
as it is preferable to machine the entire wheel and spokes from one piece. 

3.2.2 Working of dynamometer in the present case 

In the present case the dynamometer was required to measure the thrust force, F and 
torque, M. For measuring thrust force, F, strain gauges were cemented on the top 
and the bottom portions of the spokes (1 to 8) which were connected to form the 
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8f = Deflection due to Thrust F 
5j^ = Deflection due to Torque M 


Figure 3.4: Deflection scheme of spoked-wheel 



(a) (b) 

Es = Input Voltage 5 V D.C. = Output Voltage 


Numbers 1 to 16 shows strain gauges indicated in Fig.3.3. 

Figure 3.5: Wheatstone bridge for measurement of (a) Thrust force (b) Torque. 
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Wheatstone bridge as shown in Fig. 3.5(a). 

A potentiometer was connected across the bridge. The recorder performed the 
function of a galvanomet er here. The resistance of the potentiometer was varied till 
no current flowed through the recorder i.e., the recording pen came to a standstill 
position resulting in a balanced Wheatstone bridge. Then the cutting process was 
started. The thrust force acting on dynamometer deformed the strain gauges 1 to 8 
and as a result the bridge was unbalanced due to change in resistance. This change 
in resistance (i.e., change in force) was reflected through the curves recorded on the 
paper. The dynamomet('r was initially calibrated using known static loads. Finally 
the value of vertical force was quantified by using calibration curve. The procedure 
above was followed for torque, M in which strain gauges numbered 9 to 16 were 
deformed. The Wheatstone bridge for the torque is shown in Fig. 3.5(b). 

3.3 Multiple Regression Analysis 

A regression model that involves more than one regressor (independent) variable is 
called a raultiph' regression model. When there are more than one independent vari- 
ables influencing the response variables, the niultiple regression method is adopted 
to build the model. Before starting to build an empirical model it is essential to 
understand the range (of variables) in which model has to be developed, since the de- 
veloped model may be linear in some part of the range and non-linear in some other 
part. However if the range is very wide, there is less chance for the model to be linear. 
In real life situations a linear model is very rarely encountered, but at the same time, 
a second order model is usually good enough to capture a great deal of information 
[19]. To build a second order model at least a three-level experimental design or plan 


is needed. 
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3.3.1 Design for fitting second order model 

A design by mciins of which observed values of the response are collected for estimating 
the parameters in the second order model (Eq. 3.1) is called a second-order design. 

k k k-1 k 

y = Po + Yl Pit^l + X) Pij^i^j + e (3.1) 

£=1 2=zl 

Where xi, X 2 , ■ ■ ■ Xk are the input variables which influence the response, y. 0o, 
A(i — l,2...k), = 1,2. ..k., j = 1, 2...k.) M.e constants, and e is a random error 

(contribution of factors not considered in Eq.3.1). Since model (3.1) contains pure 
quadratic terms, second-order experimental design must involve at least three levels 
of each input variables. 

3.3.2 Least square estimation of the regression coefficients 

The method of least squares is typically used to estimate the regression coefficients in a 
multiple linciar regression model. Least square estimate minimizes the sum of squares 
of the deviation between the model and the data. The method tries to minimize 
the sum of squares of the residual. A model with n > k observations (A:= no: of 
independent variables Xi and n= no: of expesunents). yi denoting the i th observed 
response? and Xij denoting the i th observation or level of regressor x is as shown 
below. 

y = Po + P\Xii + P 2 Xi 2 + . . . + PkXik + Cl (3.2) 

Here Ci is the random error. Assumptions made about errors are: 

1. random errors have zero mean and common variance. 

2. random (?rrors are mutually independent in the statistical sense. 

3. random errors are normally distributed. 
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The method of least squares choses the ^o, A, • ■ • Pk in the equation 3.2 so that the 
sum of the errors fj is minimized. The above equation can be expressed in the matrix 
notation as 

y = Xp + t (3.3) 

whore 

' Vi 
1)2 

!J = . 

. 1/71 


and e = 

The sum of squares of the errors has to be minimized because the some of the 
error terms might be positive and some might be negative. The task is to minimize 
the deviat ion from the actual data. The sum of squares of the residual can be written 
as 

t:4 = {v-xmy-xp) (3-4) 

1=1 

The k^ast. scpiare estimate minimizes the sum of the residuals at the experimental 
points. E<iuation (3.4) is differentiated with respect to the /5 terms and equating all 
partial derivatives to zero and solving for P terms the least squares estimates for the 
model is obtained. Wlnm the input matrix is denoted in the format given below, then 

least sejuares estimator of P is 

where the vector p is the estimate of the parameters and X is the input variable 
matrix an<l y is the response variable vector. 

The data may be obtained from any of the statistical experimental designs. 




1 xn Xi2 ... Xu 

1 X21 X22 ■■■ X2k 

1 ^ 7^1 X'jfi2 . • • Xfik 
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3.4 Planning of experiments 

If an experiment is to l)e performed most efficiently, then a scientific approach to 
planning of experiment must be employed. By the statistical design of experiments, 
we refer to the process of planning the experiments so that appropriate data could 
be collected, which may be analysed by statistical methods resulting in valid and 
objective conclusions. 

The difference in true output response and calculated output response must be 
determined. The order in which data will be collected and the method of their ran- 
domization to be employed must be determined prior to the experiment. A mathe- 
matical model for the experiment must also be proposed, so that a statistical analysis 
of data could be performed. 

Many experiments involve in a study of effects of two or more input variables on 
the output response. It t;an be shown that, in general, factorial designs are most 
efficient for this type of experiment. By a factorial design, it is meant that in each 
complete trial or replication of the experiment, all possible combinations of the levels 
of the input variables are investigated. The effect of an input is defined as the change 
in output response produced by the change in the level of the input variables. 

Factorial rlesigus are generally preferred because they are more efficient than one 
factor-at-a-timci (‘xp(!riments. Furthermore, a factorial design is necessary when in- 
teractions may be pr(;sent, to avoid misleading conclusions. Finally factorial designs 
allow effects of an inpiit to be estimated at several levels of the other inputs, yielding 
conclusions that are valid over a range of experimental conditions. 

In the present case, three factorial (3^) design has been adopted i.e., a factorial 
arrangement, of 3 input variables (speed, feed, and diameter of drill) each at 3 levels. 
Without any loss of generality, the 3 levels of each input can be referred as low (0), 
intermediate (1), and high (2). Each treatment combination in the 3 factorial design 
will be denoted by 3 digits as shown in Fig. 3.6, where the first digit indicates the 
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Figure 3.6; Treatment combinations in a 3^ design 

level of speed, the second digit indicates the level of feed, and the third digit indicates 
the level of drill diameter. For example, 012 indicates that the experiment should be 
carried out at low level of speed(O), intermediate level of feed (1) and high level of 
drill diameter (2). Similarly there will be 27 number of experiments. 

3.5 Experimental Procedure 

For the experiments, C-45 steel was used as the workpiece material and HSS twist 
drills as cutting tool. The material composition and the tool geometry are given in the 
Appendix B . The tool geometry was maintained uniformly for all the experiments. 
RM-61 type radial drilling machine was used to conduct the experiments. According 
to planning of experiments, 3 levels of speed, feed and drill diameter was chosen from 
machining data hand book and limiting ranges of machine, as; 

• Cutting speed : 80, 150, 220 rpm 


• Feed 


: 0.12, 0.2, 0.3 mm/rev 
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Figure 3.7: Schematic diagram of experimental set-up 


• Dia: of drill : 14, 16, 18 mm 

Schematic diagram of experimental set-up is shown in Fig. 3.7. The spoked-wheel 
dynamometer was made water proof in order to prevent the possibility of short-circuit. 
Tiui workpiece was fixed on the dynamometer with the help of a cover plate and screws. 
The dynamometer was connected to the potentiometer and a recorder. Before actual 
machining process was started, the dynamometer was calibrated and Wheatstone 
bridge was balanced by the potentiometer manually. The accelerometer for vibration 
pickup was placed on the workpiece with some distance away from the center of the 
drill and this sensor position was maintained for all experiments. The output of the 
accelerometer was then connected to a Microphone Amplifier through a pre-amplifier. 
At a particular cutting condition (speed, feed and diameter of drill), the thrust force 
(F), torqiH' (M) and amplitude of relative vibration between the workpiece and the tool 
values were recorded. The procedure was repeated for all the 27 sets of experiments. 
From the recorded forces, average thrust force and torque and from the Microphone 
Amplifier, R.M.S value of amplitude were found out. 









Chapter 4 

Results and Discussions 


The experiments were conducted to study the influence of the speed, feed, diameter of 
drill and amplit.ude of relative vibration between the tool and workpiece on the thrust 
force and the tonpie in drilling. The experiments were carried out as discussed in 
the planning of ('.xperiments. To conduct the experiments C-45 steel was used as the 
workpiece mat erial ami standard HSS drills as cutting tool. The material composition 
and the tool g('oinetry were given in the Appendix B. Twenty seven experiments 
(3^ factorial design) were used to develop the second order polynomial in the form of 
a regression ecpiation. The set of input cutting parameters and output response are 
given in Talde 4.1, which have been used to find the constant terms in the equation 

(3.2). 

The models for the thrust force and the torque derived from the data shown m table 
4.1 are as follows. 

Thrustforce F = — 3814 — 2 ^ — 2290/ + 711(i+ 20272A — 

INf + 365/d + 25858/^ - 180?^ (4-1) 

and 

Torque M = 9.6068 + 0.0280iV - 32.1839/ - 1.1364d + 

35.9957A — 0.0228/iV — 0.0022Ad + 2.0343/d + 

IZJSSJf + 0.0388d^ (^-2) 
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Figure 4.1: Comparison of Experimental and Empirical Thrust force values 


Where N = Cutting Speed (rpni), / = Feed (mm/rev), d = Diameter of Drill (mm), 
A ~ Amplitude of relative vibration between the tool and the workpiece (mm), 
F = Thrinst force (N), and M — Torque (N-m). 

From the model it can be seen that the amplitude of relative vibration between 
the tool and workpiece influence the thrust force and torque as well as cutting speed, 
feed, diameter of drill. So by knowing amplitude of relative vibration between the 
tool and workpiece and cutting conditions we can easily monitor the force signals in 
drilling. 


4.1 Validation of Regression Model 


The second order polynomial regression model is developed for thrust force and torque. 
Fig 4. 1 and 4.2 show tlic comparison of the thrust force and torque signals measured 
from the experiments and those estimated from the regression models respectively 
(Bq 4.1 and 4.2). In the above diagrams all the points nearly fall on a 45'’ line which 
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Experiment. 

Number 

Speed 

(rpm) 

feed 

(mm/rev) 

Diameter of 
Drill(mm) 

Amplitude of 
Vibration(mm) 

Experimental Values 

Thrust 

Force(N) 

Torque 

(N-m) 

1 

80 

0.12 

14 

0.006 

3118.81 

0.7928 

2 

80 

0.2 

14 

0.012 . 

4229.76 

0.9373 

3 

80 

0.3 

14 

0.014 

5656.67 

1.3522 

4 

80 

0.12 

16 

0.008 

3760.92 

1.3445 

5 

80 

0.2 

16 

0.016 

4688.41 

1.6672 

6 

80 

0.3 

16 

0.019 

6421.08 

2.0168 

7 

80 

0.12 

18 

0.017 

4178.80 

1.7449 

8 

80 

0.2 

18 


5299.94 

2.8683 

9 

HI 

0.3 

18 




10 


0.12 

14 

0.011 


0.6761 

11 



14 



0.8605 

12 

150 

■BOH 

14 

0.023 

5554.75 

1.1371 

13 

150 


16 

0.012 

3465.35 


14 

150 

0.2 

16 

0.023 





15 

150 

0.3 

16 

0.027 




Mwsssim 

16 

150 

0.12 

18 


3949.48 


17 

150 

0.2 

18 


5045.14 


18 

150 

0.3 

1 18 



bbssi 

19 

220 

0.12 

14 


2649.97 

bobesi 

20 

wmm 


14 


3618.23 


21 

220 

HEBHi 

14 

0.032 



22 

220 


16 

0.025 ^ 



23 

220 

0.2 

16 

0.031 



24 

220 

0.3 

16 

0.037 



25 

220 

0.12 

18 

0.029 






18 

0.037 






18 

0.043 




Tabic 4.1: Experimental Data 
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Figure 4.2; Comparison of Experimental and Empirical Torque values 

is the ideal case. The correlation co-efficient between experimental values and the 
predicted values has been found out be 0.979541 in case of thrust force and 0.888792 
in case of torque respectively. Thus it can be stated that our developed regression 
models predicts the values of the thrust force and torque reliably over the selected 
range of input cutting parameters. 

4.2 Feasibility Study 

In the previous section, force signal models have been established. Good correlation 
between the force signals measured and those estirnated from the force signal models 
is shown. The force signal models can be used to estimate the thrust force and torque 
by knowing the amplitude of vibration between the tool and the workpiece and other 
cutting parameters. Additional tests are conducted to examine the feasibility of these 
models to estimate thrust force and torque. Table 4.2 shows the cutting parameters 
and experimental values for the additional tests. Fig 4.3 & 4.4 show the comparison 
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Figure 4.3: Comparison between Experimental and Empirical Thrust force values for 
additional verification tests 

of thrust force and torque signals measured from the experiments and those estimated 
from the above models for additional tests. In which case also it can be seen that all 
points nearly fall on 45 ° line which is ideal case. 

4.3 Effect of various parameters 

For studying the effect of given input parameters on the thrust force and torque, the 
regression equation is reduced with only two parameters viz., the output parameter 
thrust force and one of the input parameters, the effect of which on the output pa- 
rameter has to be established. This is done by assigning an optimum constant value 
to all other input parameters at which the thrust force as well as the torque is min- 
imum. The optimum value for a particular parameter is selected from the Table 4.1 
within it’s working range. After getting the reduced equation, the values of thrust 
force and torque over a range of values of input parameter were calculated. Plots are 
drawn between these values of force signals and the values of parameters individually. 
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Experimental values (Nm) 


Figure 4.4: Comparison between Experimental and Empirical torque values for addi- 
tional verification tests 


Experiment 

Number 

Speed 

(rpm) 

feed 

(mm/rev) 

Diameter of 
Drill(mm) 

Amplitude of 
Vibration(mm) 

Experimental Values 

Thrust 
Force (N) 

Torque 

(N-m) 

1 

80 

0.12 

17 

0.009 

3567.26 


2 

80 

0.2 

17 

0.012 

5503.78 


3 

80 

0.12 

19 


3898.15 

HlEisH 

4 

80 

0.2 

19 

0.023 

5962.43 

■BilifeliM 

5 

150 

0.12 

17 

0.017 

3546.88 


6 

1.50 


17 

0.023 

5401.86 

BUqUEI 

7 

150 

HflQIgllll 

19 

0.021 

3801.68 


8 

150 

iiimQBi 

19 


5554.74 

IQgQII 


Table 4.2: Cutting conditions and Experimental results for additional verification 
tests 
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Figure 4.5: Cutting speed vs Thrust force 

with the corresponding parameter on the X-axis and force signals on the Y-axis. The 
various plots obtained are shown in the following figures. 

Fig 4.5 & 4.6 show the effect of spindle rotational speed on the thrust force and 
torque respectively. It is found that cutting force signals are both decreased linearly 
as the spindle rotational speed increases. This is so since the product of cutting speed 
and cutting force determines the power which is consumed at the cutting edge it is 
evident that the utilization of the power of a given machine tool requires a reduction 
in cutting force if cutting speed increases. Another possible reason is the following: 
Theoretically, the cutting temperature will increase as cutting speed increases [20]. 
One might expect that the strength of work material may decrease as temperature 
increase which is large enough to cross the recrystallization temperature where strain 
hardening is not very effective. In other words, the cutting force may decrease as 
cutting speed increases owing to the decrease of work material strength. 

Fig 4.7 k 4.8 show the effect of amplitude of vibration on cutting force signals. 
It is shown that both the thrust force and torque increase as amplitude of vibration 




38 



Figure 4.6; Cutting speed vs Torque 

increases. This is due to the increase of friction between the tool and the work piece. 

It is generally known that the cutting force will increase as chip load increases. Fig 
4.9 &: 4.10 shows the main effect of feed on the thrust force and the torque respectively. 
The results indicate that the thrust and torque vary similarly with feed under all 
cutting conditions. The increase in the torque and thrust with feed can be explained 
by the increase in chip thickness during cutting at higher feeds which requires greater 
cutting force to overcome the greater resistance to plastic deformation. 

Fig 4.11 & 4.12 show the effect of drill diameter on cutting force signals. It is 
found that the cutting force signals both increase as the drill diameter increases, the 
thrust force and torque increase is proportional to the square of drill diameter as given 
in Eq:4.1 &4.2. 




lorqueuN-mj Thrust F( 





Figure 4.7; Amplitude of vibration vs Thrust force 



Figure 4.8: Amplitude of vibration vs Torque 













Chapter 5 

Conclusions and Scope of future 
work 

5 . 1 Conclusions 

In this work the basic aim of force monitoring in drilling has been fulfilled. A second 
order regression model has been developed through which force monitoring can be 
made which can be used in design of machine tools, jigs and fixtures, to select economic 
cutting conditions as well as a tool failure criterion. 

The following objectives have been achieved: 

1. For force monitoring in drilling, a second order regression model has been de- 
veloped. 

2. For collection of the experimental data to develop regression model, a special 
.design like the 3® factorial design is used successfully. 

3. Comparison is done between the experimental values and the predicted values 
and the correlation coefficient found out be 0.979541 for the thrust force and 
0.888792 for the torque which shows that the models can be used for force 
monitoring. 
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4. The effect of various factors on the force signals has been studied independently- 
using the polynomials of regression equation. 

5.2 Scope of the future work 

The following areas have been identified for the future work: 


1. Other parameters which will effect the force signals can be explored to be in- 
cluded in the model such as deflection of the tool, Thermal expansion and hard- 
ness of workpiece material. 

2. The regression model for force monitoring consisting vibration can be developed 
for other conventional processes like turning, shaping and milling. 

3. The present developed mathematical model can also be checked for large number 
of cxperiment.al data in order to minimize the experimental error further by the 
implementation of a different design of experimentation. 
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Appendix A 
Forces in Drilling 


M = Mo + M' + M" 

(A.l) 

and 

F = F, + F' + F" 

(A.2) 

For hole drilling based on orthogonal cutting 


Mo = - c^) {fJ'Pml/ sinp) + ^Sf {cot (f>n + 1) 

(A.3) 

F, = l{d-. 

:) [2F^i + Pi/(cot 4>n - 1) sinp] 

(A.4) 

K 

II 

P-cPrrdc + ^'S'/(c0t((/>n)c + l) 

(A.5) 

y = Jc + {Pl)cf{cOt{<f>n)c - 1)] 

jL 

(A.6) 


iVf" = /cid + kxd^ 

(A.7) 


F = A:2 + ^^ 2 / 

(A.8) 


Substituting A = \fiPml', B = 55’(cot0„ + 1); C — 

D = lS{cot{(f>n)c + 1) into equations (A.3) and (A.5) we have 

Mo = {d'^ -c^)[iA/sinp) + Bf] 

- d^(l-m^)[{A/sinp) + Bf] 

(A.9.) 
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M' =c\C + Df) = m^(f{C + Df) (A.IO) 

Substituting equations (A.9), (A.IO) and (A.5) into equation (A.l) gives 

M = [[(AL/smp)(l - m^) + {1 - m^) + Drri^j + ki + kidf 

= {ki + kif)d + {E + Gm^) + {B + d^ 

(A.ll) 

Where E = A/ sin p] G = C — E; H = D — B. 

Similarly, substituting J = Pml; L = ~Pi{cot(f)n — 1); N = Pmlc] 

P = l{Pi)c.i^ot{<f>ri)c ~ 1) in equations (A.4) and (A. 6) 

Fo = (d-c)(J + L/sinp) = d(l-m)(J + L/sinp) (A.12) 

F' = c{N + Pf)=md{N + Pf) (A.13) 

Substituting equations (A.12), (A.13) and (A. 8) into equation (A. 2) gives 

F = {k 2 + k 2 f) + [[J{l-rn)+Nm]+.[L{l-m)sinp + Pm]f]d 

= ik 2 + k 2 f)[{J + Qm) + iU + Vm)f]d 

(A.14) 

Where Q = A' - J; 17 = Lsinp; V = P-U. 



Appendix B 
Specifications 


Work material : C-45 (Medium carbon steel). 

Workpiece specifications : 0.40-0.50%C; 

: 0.05-0.35%Si; 

: 0.6-0.9%Mn; 

: 0.055%S(max); 

: 0.05%P(max). 

Cutting tool material : H.S.S. 

Gutting tool composition : 18%W, 4%Cr, 1%V. 

Drill specification : Diameters 14, 15, 16,17,18, 19 mm; 

: Point angle 118®; 

: Lip clearance angle 13®; 

: Chisel edge angle 128°; 

: Helix angle 30®. 
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Specifications of Drilling machine : Type RM 61; 

: Max drilling radius 1190mm; 

: Min drilling radius 530mm; 

: Diameter of column sleeve 350mm; 

: Max drill head traverse 660mm; 

: Available number of feeds 6 (0.12-1.25); 

: Available number of speeds 12 (40-1700); 

: Overall height of machine 2710mm; 

: 3 speed sliding gear box. 

Accelerometer : Type 4312 BRUEL & KJAER; 

: Sensitivity 45-65 mv/g; 

: Frequency range 2-6000 Hz; 

: Height 22mm; 

: Material Base - Steel. 

Pre-amplifier • Frequency range 2-20000Hz; 

: Max; Output Voltage 20V; 

: Power supply 100-240 V, 50 or 60 Hz; 

; Minimum measuring level 20//. 

Amplifier : Type 2603 A BRUEL & KJAER; 

: Frequency Characteristic ’’Linear” 2-40000 Hz; 
: Power supply 100-240 V A.C, 50-400Hz. 
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